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In patients with chronic myeloid leukemia, the use of
real-time quantitative reverse transcription-polymer-
ase chain reaction (qRT-PCR) for measuring BCR-
ABL1 transcripts has become standard methodology
for the diagnosis and monitoring of minimal residual
disease. In 2004 and 2005, 38 different laboratories
from North America participated in three separate
sample exchanges using real-time qRT-PCR to mea-
sure RNA transcript levels in unknown diluents of a
BCR-ABL1-positive cell line, K562. In this study we
compared results of quantitative testing for BCR-ABL1
from laboratories using different platforms, internal
controls, reagents, and calculation methods. Our data
showed that there can be considerable variability of
results from laboratory to laboratory, with log reduc-
tion calculations varying from 1.6 to 3 log between
laboratories at the same dilution. We found that none
of the variables tested had a significant impact on the
results reported, except for the use of ABL1 as the
internal control (P < 0.001). Laboratories that used
ABL1 consistently underreported their log reduction
values. Regardless of the specific methodology and
platform used for real-time qRT-PCR testing, it is im-
portant for laboratories to participate in proficiency
testing to ensure consistent and acceptable test
accuracy and sensitivity. Our study emphasizes the
need for optimization of real-time qRT-PCR before
offering clinical testing and the need for widely

available universal standards that can be used for
test calibration. (J Mol Diagn 2007, 9:421–430; DOI:
10.2353/jmoldx.2007.060134)

Chronic myeloid leukemia (CML) is a stem cell disease that
is invariably associated with a reciprocal chromosomal
translocation t(9;22)(q34;q11) called the Philadelphia chro-
mosome (Ph).1 This translocation juxtaposes the upstream
exons of the BCR (breakpoint cluster region) gene and the
downstream exons of the ABL1 (v-abl Abelson murine leu-
kemia viral oncogene homolog 1) gene, resulting in a novel
fusion gene BCR-ABL1.2 This fusion gene is present in
�99% of CML patients and 25 to 40% of adult patients with
acute lymphoblastic leukemia.2,3 Three fusion transcripts,
resulting from major (b3a2, b2a2) and minor (e1a2) break-
points, can be distinguished according to the breakpoint
within the BCR region. These transcripts encode the p210
(b3a2, b2a2) and p190 (e1a2) oncoproteins, both of which
enhance tyrosine kinase activity and play a critical role in
the pathogenesis of this leukemia.4,5 The chimeric BCR-
ABL1 gene and its resulting transcripts provide specific
markers for the diagnosis and monitoring of minimal resid-
ual disease (MRD).

Methods available to detect the BCR-ABL1 rearrange-
ment include conventional cytogenetic analysis, fluores-
cence in situ hybridization and reverse transcription-poly-
merase chain reaction (RT-PCR).6 Real-time quantitative
RT-PCR (qRT-PCR) provides not only detection of the
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fusion transcript but also accurate quantitation of the
accumulated target PCR products. Real-time qRT-PCR is
now widely used for the detection of MRD.7 The quanti-
fication of BCR-ABL1 transcripts is clinically useful for
monitoring CML patient response to transplantation or to
other treatments, including imatinib therapy. For exam-
ple, early reduction of BCR-ABL1 transcripts can predict
cytogenetic response.8,9 Recent data from the IRIS and
TIDEL trials indicate that molecular response, as mea-
sured by real-time qRT-PCR, can also predict overall and
progression-free survival after treatment with ima-
tinib.10–13 Currently, many laboratories use log reduction
as a measurement of MRD and response to treatment.
Patients who achieve a 3-log reduction in BCR-ABL1
transcripts are considered to have achieved a major
molecular response and to have a low incidence of dis-
ease progression.14,15 Conversely, rising levels of BCR-
ABL1 transcripts are consistent with loss of response to
treatment and can indicate relapse.

Data have shown that even when using a standard-
ized protocol and common calibrator, there can be
significant variation in results among different labora-
tories.16 Multilaboratory molecular testing using real-
time qRT-PCR thus requires further standardization of

techniques and robust quality control of results. A re-
port from 26 laboratories in 10 European countries (the
Europe against Cancer Network) has previously ad-
dressed the issue of standardization and quality con-
trol using real-time qRT-PCR for fusion gene quantifi-
cation in leukemia and has made specific protocol
recommendations.17 In North America, although many
laboratories use real-time qRT-PCR to monitor patients
with CML, no reports have compared results from lab-
oratories doing the same test that may use different
RNA extraction methods, different real-time qRT-PCR
reagents or kits, and different instruments, standard
curves, and internal controls. In 2004 and 2005, 38
different laboratories from North America (Table 1) par-
ticipated in three separate sample exchanges using
real-time qRT-PCR to measure RNA transcript levels in
unknown diluents of a BCR-ABL1-positive cell line,
K562. The two exchanges that involved only Canadian
laboratories (six laboratories for GLEEM 2 and 13 lab-
oratories for GLEEM 3) were supported by Novartis
Canada (Montreal, QC, Canada), to ensure proficiency
of laboratories participating in a trial (GLEEM trial)
assessing the effects of 400 versus 800 mg of imatinib
in patients that had not achieved an MMR within 12

Table 1. List of 38 Laboratories in North America Participating in at Least One of the Three Sample Exchanges in 2004
and 2005

Cancer Genetics Laboratory, BC Cancer Agency, Vancouver, BC, Canada
Cancer Genetics Laboratory, Hamilton Health Sciences, Hamilton, ON, Canada
Centre for Molecular Biology and Pathology, Laboratory Corporation of America, Research Triangle Park, NC
Department of Clinical Pathology, The Cleveland Clinic Foundation, Cleveland, OH
Department of Genetics, Credit Valley Hospital, Mississauga, ON, Canada
Department of Genetics, St. Joseph’s Health Centre, Sudbury, ON, Canada
Department of Hematology, Maisonneuve-Rosemont Hospital, Montreal, QC, Canada
Department of Hematology, SMBD Jewish General Hospital, Montreal, QC, Canada
Department of Hematopathology, University of Manitoba Health Science Centre, Winnipeg, MB, Canada
Department of Laboratory Medicine and Pathology, University of Alberta, Edmonton, AB, Canada
Department of Molecular Hematopathology and Genetics, ARUP Laboratories, Salt Lake City, UT
Department of Pathology and Laboratory Medicine, Queen Elizabeth II Health Science Center, Halifax, NS, Canada
Department of Pathology and Laboratory Medicine, Roswell Park Cancer Institute, Buffalo, NY
Department of Pathology and Laboratory Medicine, Weill Medical College of Cornell University, New York, NY
Department of Pathology, Carolinas Medical Centre, Charlotte, NC
Department of Pathology, Rush University Medical Center, Chicago, IL
Department of Pathology, The Methodist Hospital/Baylor College of Medicine, Houston, TX
Department of Pathology, University of North Carolina, Chapel Hill, NC
DNA Diagnostic Laboratory, Oregon Health and Sciences University, Portland, OR
DNA Molecular Laboratory, John Hopkins University Hospital, Baltimore, MD
Laboratory No. 2, Maisonneuve-Rosemont Hospital, Montreal, QC, Canada
Laboratoire d’Hematologie , CHUM Hospital Notre Dame, Montreal, QC, Canada
Molecular Diagnostics (Banting), Department of Pathology, University Health Network, Toronto, ON, Canada
Molecular Diagnostics Laboratory, Brigham and Women’s Hospital, Boston, MA
Molecular Diagnostics Laboratory, Yale New Haven Hospital, New Haven, CT
Molecular Diagnostics Laboratory, Emory University Hospital, Atlanta, GA
Molecular Diagnostics Laboratory, The Children’s Hospital, Denver, CO
Molecular Diagnostics Laboratory, VCU Health System, Richmond, VA
Molecular Diagnostics, London Health Sciences Centre, London, ON, Canada
Molecular Diagnostics Section, University of Rochester Medical Center, Rochester, NY
Molecular Diagnostics, The Blood Center of Southeastern Wisconsin, Milwaukee, WI
Molecular Diagnostics, University of Pittsburgh Medical Centre, Pittsburgh, PA
Molecular Genetics, Specialty Laboratories, Santa Monica, CA
Molecular Hematopathology Laboratory, Mayo Clinic, Rochester, MN
Molecular Pathology Laboratory Network, Maryville, TN
Molecular Pathology Laboratory, Stanford University School of Medicine, Stanford, CA
Stem Cell Transplant Laboratory, Royal Victoria Hospital, Montreal, QC, Canada
St. Sacrement Hospital, Quebec City, QC, Canada

This does not reflect the order of the laboratories in the results shown in Table 5.
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months. The North American sample exchange in-
volved 29 laboratories and was supported by the As-
sociation for Molecular Pathology as part of an initiative
undertaken by the Hematopathology Subdivision of
that organization. The overall purpose of these ex-
changes was to compare how similar or different re-
sults from participating laboratories were, without the
use of a universally standardized protocol. We also
aimed to identify variables that could potentially signif-
icantly affect test results to discern variables important
in test standardization. In the present study we distrib-
uted unknown diluents of K562 and then collated and
analyzed the data received back from participating
laboratories, to assess the sensitivity and reproducibil-
ity of real-time qRT-PCR results from centers across
North America.

Materials and Methods

Cell Culture and Sample Preparation

U937 and K562 cells were obtained from American Type
Culture Collection (Manassas, VA) and were maintained in
RPMI 1640 medium supplemented with 10% fetal bovine
serum. U937 is a BCR-ABL1-negative hematopoietic cell
line, and K562 carries the t(9;22)(q34;q11) and expresses
b3-a2 BCR-ABL1 transcripts.18 K562 cells were diluted with
U937 cells to create diluents from 10�1 to 10�5, undiluted
K562 cells were used as the neat sample, and undiluted
U937 was used as the negative control. One million cells
from each sample were washed once in phosphate-buff-
ered saline (PBS) and suspended in RNAlater (Qiagen,
Valencia, CA). RNAlater is an aqueous, nontoxic, tissue and
cell storage reagent that stabilizes and protects cellular
RNA from degradation by protecting against cell lysis.

The samples were shipped to each laboratory at room
temperature, and laboratories were asked to store sam-
ples at 4°C until use. This was a blinded study, thus each
laboratory received samples labeled only with a number.
For the Association for Molecular Pathology sample ex-
change, 10 samples were sent, labeled as nos. 1 to 10.
These included one aliquot of each dilution as well as one
negative control and one undiluted aliquot of K562. Three
cDNA samples were also sent, but these were subse-
quently excluded from the study because laboratories
were confused as to what to do with them. For GLEEM 2
and GLEEM3, each laboratory received 10 samples la-
beled as nos. 1 to 10, including two negative controls,
one aliquot of undiluted K562, one aliquot of K562 at
10�1, one aliquot of K562 at 10�2, one aliquot at 10�3,
two aliquots at 10�4, and two aliquots of K562 at a 10�5

dilution. Each laboratory used their own standards and
internal controls in their analysis.

RNA Isolation, Quantification, and Reverse
Transcription

Total cellular RNA was isolated from the samples provided.
Because of the use of RNAlater as a transport medium, we
recommended that each laboratory first spin cells down for

use in their RNA extraction protocol or spin cells and then
wash in ice-cold PBS before extraction. Each laboratory
used its own RNA extraction method according to their
laboratory’s protocol, such as TRIzol reagent (Invitrogen,
Carlsbad, CA), RNeasy kit (Qiagen), RNAwiz reagent
(Ambion, Austin, TX), or PUREscript (Flowgen Bioscience,
Nottingham, UK) (Table 2). Most laboratories quantified
their total RNA using spectrophotometry. Only three labo-
ratories evaluated their RNA quality by electrophoresis to
determine the degree of degradation and the presence of
contaminating DNA. Total RNA was reverse-transcribed us-
ing a variety of primers (gene-specific, oligo dT, random
hexamer, or from the LightCycler kit). The amount of RNA
and enzymes [Superscript, MMLV (both from Invitrogen),
AMV (Fermentas, Glen Burnie, MD), Stratascript (Strat-
agene, La Jolla, CA), Omniscript (Qiagen)] used for reverse
transcription varied in different laboratories (Table 2).

Real-Time qRT-PCR

Real-time qRT-PCR was performed using different plat-
forms, such as the ABI7700, ABI7900, or ABI7000, the
Lightcycler (Roche, Indianapolis, IN), or the iCycler (Bio-

Table 2. Summary of Reagents, Platforms, Internal Controls,
and Type of Standard Curve Used

Number of
laboratories

Extraction method
Qiagen 23
TRIzol 13
Ambion 4
Others 3

RT primer
Random hexamer 36
Gene specific 3
Others 2

RT enzyme
MMLV 15
Superscript 9
AMV 14
Others 5

Internal control
ABL1 16
GAPDH 7
BCR 4
G6PD 13
GUSB/B2M 3

PCR kit
Homebrew 16
Roche 15
Ipsogen 3
ABI 9

Instrument
ABI Prism 7700 6
ABI Prism 7900 6
ABI Prism 7000/7500 8
Roche LightCycler 22
BioRad iCycler 2

Standard curve
Diluted RNA 8
Diluted cDNA 4
Diluted plasmid 13
Diluted cell line 16
NA 2

NA, not available.
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Rad, Hercules, CA) (Table 2). Reaction conditions and
primer/probe selections for optimal amplification of both
BCR-ABL1 and internal controls were determined by
each individual laboratory according to their own proto-
col (Table 2). The size of BCR-ABL1 PCR products from
different laboratories ranged from 66 to 596 bp with most
laboratories generating amplicons less than 200 bp.
Probes were located either at the 5� end, 3� end, or
middle of BCR-ABL1. Because internal control genes can
reflect the degree of degradation of the samples being
tested, amplification of internal controls was performed to
normalize the amount of sample RNA present in a reac-
tion. Various internal control genes were used by labora-
tories, including GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), ABL1, BCR, G6PD (glucose-6-phos-
phate dehydrogenase), B2M (�-2-microglobulin), and
GUSB (glucuronidase, �) (Table 2). The expression levels
of the target gene and of the internal control were quan-
tified and analyzed automatically using instrument-spe-
cific software, such as Sequence Detection Systems 2.1
(Applied Biosystems, Foster City, CA).

Standard Curve and Comparative CT

For quantitation of BCR-ABL1 normalized to an internal
control, standard curves were constructed for both BCR-
ABL1 and the internal control. Laboratories analyzed their
data using the standard curve method or the comparative
(��CT) method. Five to six serial samples of diluted RNA,
cDNA, plasmid DNA, or a cell line were used by labora-
tories to generate standard curves (Table 2). Using this
methodology, samples are generally rejected in the anal-
ysis and are repeated if the correlation coefficient (R2) is
less than 0.98.19 The observed CT measurements of the
BCR-ABL1 fusion transcripts or the internal controls in the
tested samples are then calculated against the standard
curve plots. The normalized measurements of the BCR-
ABL1 fusion transcripts are determined according to the
following formula: ratio � BCR-ABL1 levels/internal con-
trol levels. The rationale for the need of such normaliza-
tion is that PCR amplification efficiency can vary between
runs, and RNA quality can vary from sample to sample
within a run.

Some laboratories used the comparative CT method,
which is similar to the standard curve method, except that
it uses an arithmetic formula to achieve the same result as
relative quantitation. The amount of BCR-ABL1 normal-
ized to an internal control and relative to a calibrator is
given by 2���CT, where �CT � CT (BCR-ABL1) � CT

(internal control) and ��CT � �CT (patient sample) �
�CT (reference sample). Before using this CT method,
however, it is recommended that a validation experiment
is performed to demonstrate that the amplification effi-
ciencies of BCR-ABL1 and the selected internal control
are approximately equal.

Log Reduction

In all three exchanges, to compare real-time qRT-PCR
results obtained by different laboratories, laboratories

were asked to send their results as a ratio and to also
convert their results to a log reduction. To do this, the
ratio of the BCR-ABL1 value versus internal control value
was converted to a logarithmic (base 10) scale. This log
reduction was calculated in each laboratory by using the
sample with the highest ratio as the baseline or diagnos-
tic level. The reduction in BCR-ABL1 levels from this
baseline value was then calculated for each subsequent
sample and reported as a log reduction.

Results

A total of 42 laboratories (29 laboratories participated
in the Association for Molecular Pathology exchange,
six in GLEEM 2, and 13 in GLEEM 3; some laboratories
participated in more than one sample exchange) were
provided with samples. Two laboratories were unable
to provide results because of lack of time and re-
sources, and another two laboratories had technical
difficulties; therefore results were obtained from 38
laboratories. Twenty-nine laboratories had quantitative
results starting from the 10�5 dilution, 40 laboratories
had results including the 10�4 dilution, 43 laboratories
amplified transcripts at the 10�3 dilution, 43 laborato-
ries amplified at the 10�2 dilution, and 42 laboratories
amplified transcripts at the 10�1 dilution (Table 3). The
mean, median, and SD of log reduction values (accu-
racy) from each laboratory are pooled and summarized
in Table 4. The mean and median results obtained for
all dilutions were within 0.5 log of the known dilution
value (expected value) except for at 10�5, where it was
0.55 log, and the SD was 0.6 log at all dilutions except
for 10�1, where it was 0.4 log. When the data from
laboratories using ABL1 as an internal control were
analyzed separately (Table 4), the mean and median
log reduction values were �1 log less than the known
dilution value with the exception of the 10�1 dilution in
which the value was within 0.6 log of the expected
value. Laboratories using other internal controls (Table
4) had mean and median values within 0.2 to 0.4 log of
the known dilution values. Four laboratories detected
BCR-ABL1 in a U937 sample that should have been
negative (Table 5). This false-positive finding could
have been a result of contamination or sample mix up.
At this time, based on our experience and that of
others, reproducible results are those that are different
by less than 0.5 log in duplicate samples at dilutions as
high as 10�4 and 10�5. Duplicate samples at lower
dilutions (diagnostic and 10�1 to 10�3) should have

Table 3. Summary of Test Sensitivity at Different Dilutions

Known dilution
(K562 in U937)

Number of laboratories
with results/total
laboratories (%)

10�5 29/44 (65.9%)
10�4 40/44 (90.9%)
10�3 43/44 (97.7%)
10�2 43/44 (97.7%)
10�1 42/44 (95.5%)
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nearly identical values. When laboratories were given
known dilutions in duplicate, 10 of 19 did not have
reproducible results (�0.5 log) at the 10�4 level and 16
of 19 did not have reproducible results at the 10�5 level
(Table 5). The effect of different variables on the re-
ported log reduction at each dilution was assessed
using one-way analysis of variance (Table 6). None of
the tested variables consistently and significantly af-
fected the mean log reduction reported, except for the
internal control.

RNA Quality and cDNA Synthesis

Laboratories measured their RNA quality and quantity by
spectrophotometry and/or gel electrophoresis. In some
cases, the yields were low, but this did not seem to affect
results (data not shown). Storage time did not affect the
sensitivity or accuracy of results because laboratories
that achieved log reduction values closest to expected
values had storage times that ranged from 1 to 25 days
(data not shown). For the cDNA synthesis, reverse tran-
scription was done with gene-specific primers, random
hexamers, oligo dTs or kits, and the reverse transcription
enzymes used were either Superscript, MMLV, AMV,
Stratascript, or Omniscript (Table 2). Overall, the primers
and enzymes used did not affect result sensitivity or
accuracy (Table 6).

Reagents for Quantitative PCR

Different laboratories performed real-time quantitative
PCR using their own protocols. Some laboratories used
the Applied Biosystems kit and Applied Biosystems in-
struments, some used the Roche t(9;22) quantification kit

and LightCycler, others used either the Ipsogen (Wind-
sor, CT) FusionQuant kit or homebrew buffers on various
instruments (Table 2). Overall, the different PCR kits and
reagents used did not affect reported log reduction re-
sults (Table 6).

Platforms

Samples prepared from serial dilutions of K562 cells were
analyzed on ABI Prism 7000, ABI Prism 7700, ABI Prism
7900, Roche LightCycler, or Bio-Rad iCycler instruments.
Quantification was performed using either a standard
curve or comparative CT method. Ninety-one percent of
laboratories were able to amplify transcripts from sam-
ples diluted at 10�4, and 66% achieved amplification of
samples diluted at 10�5 (Table 3), regardless of the
platform or reagents that were used (Table 6).

Calculation and Use of Standard Curve

Various templates and calculation methods were used to
generate standard curves. For the laboratories that in-
cluded the slope and R2 value in the data they sent to us,
these ranged from �2.96 to �4.96 for the slope and 0.99
to 1.00 for the R2 value. All but two laboratories generated
their own standard curves. Two laboratories used the
comparative CT method. One laboratory used a freshly
diluted cell line each time to generate the standard curve
and although this method may appear optimal (their re-
sults were within 0.2 log at all dilutions), it is however,
quite labor intensive. Laboratories that used a previously
diluted and aliquoted cell line to generate their standard
curve had mean values that were close to the known
dilution value (Table 7). Because this was not statistically

Table 4. Summary of Test Accuracy at Different Dilutions (Based on Log Reduction), Calculated Based on All Internal Controls
Used or ABL1 as the Internal Control, or GAPDH, BCR, G6PD, or B2M as the Internal Control

10�5 10�4 10�3 10�2 10�1

All internal controls
Mean 4.4555 3.5233 2.5840 1.5367 0.6674
SD 0.60949 0.57820 0.57493 0.58402 0.39451
Median 4.5200 3.5650 2.6300 1.6000 0.6050
Minimum 3.26 2.18 1.03 0.26 0.14
Maximum 6.30 4.71 3.70 3.00 1.70
Range 3.04 2.53 2.67 2.74 1.56
n 29 40 43 43 42

ABL1 as the internal control
Mean 4.1490 3.0607 2.0913 1.1225 0.3773
SD 0.4860 0.3854 0.5464 0.4464 0.3404
Median 4.100 3.0800 2.1450 1.0100 0.3000
Minimum 3.26 2.34 1.03 0.50 0.14
Maximum 4.80 3.85 3.20 2.20 1.50
Range 1.54 1.51 2.17 1.70 1.36
n 10 14 16 16 15

GAPDH, BCR, G6PD, and B2M as the internal control
Mean 4.6168 3.7723 2.8759 1.7823 0.8285
SD 0.6165 0.4012 0.3518 0.4270 0.3279
Median 4.5800 3.7800 2.8000 1.7550 0.7100
Minimum 3.52 2.18 2.30 0.26 0.38
Maximum 6.30 4.71 3.70 3.00 1.70
Range 2.78 2.53 1.40 2.74 1.32
n 19 26 27 27 27
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significant at all dilutions (Table 6), however, we must
conclude that overall it does not seem to make a differ-
ence whether a laboratory uses diluted RNA, cDNA, plas-
mid DNA, or cell lines for generation of the standard
curve (Table 7).

Internal Controls

Optimally, internal control genes should be expressed at
similar levels as the BCR-ABL1 target gene. In our study,
participating laboratories used a variety of genes as in-

Table 5. Summary of Results for the AMP (Laboratories 1 to 29) and GLEEM (Laboratories 30 to 48) Sample Exchanges

Summary of results for the AMP (laboratories 1 to 29) and GLEEM (laboratories 30 to 48) sample exchanges. In the GLEEM sample exchange
(laboratories 30 to 48), each laboratory received two negative controls, two aliquots at 10�4 and two aliquots at 10�5 as duplicates for testing. Some
laboratories are represented more than once if they participated in more than one sample exchange.

X, negative; green dot, contamination; ND, not done; black dot, detected BCR-ABL1 transcripts; red dot, detected BCR-ABL1 transcripts within 0.5
log of known dilution value.

Table 6. Effect of Different Variables on Reported Log Reduction at Different Dilutions

Dilution

Variables

Extraction method RT primer RT enzyme PCR kit Instrument Standard curve Internal control

10�5 0.89 0.41 0.90 0.36 0.66 0.16 0.16
10�4 0.84 0.52 0.40 0.21 0.75 0.11 0.001
10�3 0.78 0.60 0.05 0.09 0.61 0.01 �0.001
10�2 0.39 0.42 0.08 0.07 0.48 0.05 0.001
10�1 0.16 0.32 0.75 0.17 0.02 0.06 �0.001

One-way ANOVA was performed to compare the mean log reduction reported at each dilution from different laboratories using the same extraction
methods, reagents, kits, platforms, standard curves, and internal controls. P values are listed in each column.
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ternal controls, including GUSB, ABL1, GAPDH, BCR,
G6PD, and B2M (Table 2 and Figure 1). The most fre-
quently used internal controls were G6PD and ABL1. The
four laboratories that used BCR as their internal control
seemed to achieve the most accurate and sensitive re-
sults (Figure 1). Several laboratories were using ABL1,
which results in log reductions that are consistently lower
than expected values because of the undercalling of the
ratio of the diagnostic sample. This overestimation of
ABL1 is attributable to the ABL1-specific primer binding
to both BCR-ABL1 and the endogenous normal copy of
the ABL1 gene. Laboratories using ABL1 as the internal
control showed log reduction values that were signifi-
cantly different from those that used other internal control
genes, at four of five dilutions tested (Table 6).

Summary of Results

We compared many variables (RNA quality, cDNA syn-
thesis enzymes, and primers, reagents, or kits used for
PCR, platforms, standard curves, and internal controls)
that could affect the accuracy and sensitivity of real-time
qRT-PCR testing in CML. Overall, the use of specific
platforms or reagents did not seem to significantly affect
results. However, the limited number of laboratories and
the number of variables that were considered made sta-
tistical analyses difficult. The only variable that consis-
tently made a difference was the type of internal control
used, with ABL1 consistently undercalling the reported
log reduction value (Tables 4 and 6). Laboratories that
used a cell line to generate their standard curve had
mean values that were close to the known dilution value
although this was not statistically significant at all dilu-
tions tested (Tables 6 and 7). GLEEM study results were
more consistent than the Association for Molecular Pa-
thology study results, probably attributable to the smaller
number of laboratories involved and thus less variation in
techniques and platforms used (Table 5).

Discussion

Currently, real-time qRT-PCR is considered the standard
of care for the monitoring of MRD in patients with CML.
Treatment decisions are made based on this technology,
yet standard operating procedures can vary from labo-
ratory to laboratory because of the use of different re-
agents, controls, and equipment. Intra- and interlabora-
tory standardization of test procedures have become
important because results from different laboratories

Table 7. Comparison of Log Reduction Results Using Standard Curves from Different Sources

Standard curve derived from 10�5 10�4 10�3 10�2 10�1

Diluted RNA
Mean 4.2500 3.2788 2.4550 1.0975 0.8057
n 6 8 8 8 7
SD 0.79405 0.86717 0.72012 0.58137 0.54427

Diluted cDNA
Mean 4.0967 3.3875 2.5400 1.5450 0.6100
n 3 4 4 4 4
SD 0.53257 0.11442 0.21909 0.19330 0.15811

Diluted plasmid
Mean 4.3033 3.3460 2.2908 1.4623 0.4623
n 6 10 13 13 13
SD 0.51282 0.56708 0.57419 0.72209 0.33164

Diluted cell line
Mean 4.7717 3.8231 2.9544 1.8650 0.8300
n 12 16 16 16 16
SD 0.52719 0.38922 0.38550 0.34892 0.35208

��CT
Mean 4.1700 3.2600 2.1300 1.1350 0.3300
n 2 2 2 2 2
SD 0.41012 0.35355 0.24042 0.31820 0.07071

Total
Mean 4.4555 3.5233 2.5840 1.5367 0.6674
n 29 40 43 43 42
SD 0.60949 0.57820 0.57493 0.58402 0.39451

Results are reported as a log reduction from the sample with the highest transcript levels (diagnostic sample). n � number of laboratories reporting
a result for that dilution.

Figure 1. Mean of the log reduction variation using different internal con-
trols. The mean log reduction for all laboratories using the same internal
control was calculated for each dilution. Six internal controls (ABL1, GAPDH,
BCR, G6PD, GUSB, and B2M) were used from different laboratories for this
analysis. Note that the log reduction calculated when using ABL1 as an
internal control is consistently lower than the known dilution value.
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should be consistent from center to center, thus allowing
patients a more universal standard of care. The accu-
racy, reproducibility, and reliability of real-time qRT-PCR
to quantitate BCR-ABL1 transcript levels are dependent
on many factors, including stringent quality control mea-
sures and robust test validation. In 2004 and 2005, we
organized three sample exchanges in which 38 different
laboratories were required to use real-time qRT-PCR to
measure transcript levels in a series of diluents derived
from a BCR-ABL1-positive cell line, K562. The purpose of
these exchanges was to compare test results from differ-
ent centers and to determine how similar they were in the
absence of a universally standardized protocol.

The introduction of real-time qRT-PCR platforms to the
general marketplace now makes the development of real-
time qRT-PCR assays more widely available. In this
study, the two most commonly used platforms for real-
time qRT-PCR assays were the Applied Biosystems plat-
form and the Roche LightCycler platform. The Applied
Biosystems platform uses a 5� nuclease assay with a
TaqMan probe,7,20 whereas Roche uses the LightCycler
FastStart DNA MasterPLUS HybProbe technology.21,22

These instruments differ in several respects, including
the light source and the approach to acquisition of fluo-
rescence data. Published data have confirmed the ability
of the LightCycler to use TaqMan technology as an alter-
native, if desired.23 Silvy and colleagues24 demonstrated
that the Europe against Cancer standardized protocol
could be transferred to seven different real-time qRT-PCR
instruments without any modifications. The results from
our studies agree with these data, as our results show
that the ABI platform, the Roche LightCycler, and the
Bio-Rad iCycler all performed similarly as long as the
conditions and reagents were optimized for use with
each instrument.

In our data set, there is a great deal of variation in
reported log reduction levels from laboratory to labora-
tory, as noted by the SD observed at all dilutions tested
(Table 4). This may be a reflection of the different ways
that laboratories make, calibrate, and use their standard
curves and also what type of internal control is used
(Tables 6 and 7). Our data indicate that it is very impor-
tant for each laboratory to optimize their test and ensure
it achieves appropriate sensitivity and reproducibility.25

Table 3 shows that only 66% of laboratories were able to
consistently detect the lowest levels of BCR-ABL1 tran-
scripts (10�5). These data emphasize the point that ide-
ally, all samples should be run in duplicate from the RNA
extraction step because of the potential variability in re-
sults, especially at low transcript levels.19,25 However,
given that this may not be practical, it may be acceptable
to instead run samples in duplicate from the RT (cDNA
synthesis) stage. Table 5 summarizes the results from all
laboratories with regards to accuracy and sensitivity and
clearly shows that although most laboratories can repro-
ducibly detect high levels of transcript, lower levels can
either be missed or inaccurately quantified. Therefore,
monitoring using real-time qRT-PCR should still be un-
dertaken in CML patients at regular intervals, even when
undetectable levels of transcript are achieved.

To ensure accuracy, it is important to normalize results
to an appropriate internal control. Based on the absence
of pseudogenes and the level and stability of gene ex-
pression, the Europe against Cancer group showed that
three genes, ABL1, B2M, and GUSB, had stable expres-
sion in different types of samples (peripheral blood, PB;
bone marrow, BM; and PB stem cells, PBSCs) from pa-
tients with CML, acute myeloid leukemia, and acute lym-
phoblastic leukemia. However, only ABL1 gene transcript
expression did not differ significantly between normal
and leukemic samples at diagnosis. Europe against Can-
cer therefore proposed the use of the ABL1 gene as the
control gene of choice for real-time qRT-PCR-based di-
agnosis and MRD detection in patients with CML and
acute lymphoblastic leukemia.26 The primer set used to
amplify the ABL1 internal control gene is located on exon
a2; therefore, it also amplifies the BCR-ABL1 fusion tran-
script (especially when present at high levels, such as at
diagnosis) and thus introduces bias for quantifying BCR-
ABL1 when the proportion of BCR-ABL1-positive cells is
high. This problem can be solved through the use of other
internal control genes, such as BCR,10 or by changing
the location of the ABL1 primers to exon 1 of the ABL1
gene. In our multilaboratory analysis, six control genes
were used, including GUSB, ABL1, GAPDH, BCR, G6PD,
and B2M. The laboratories (n � 4) that used BCR as their
internal control seemed to achieve the most accurate and
sensitive results, although because the number of labo-
ratories is low, one cannot determine whether this is
significant. The laboratories using ABL1 reported results
as log reductions that were consistently lower than ex-
pected because of the undercalling of the ratio of the
diagnostic sample because of overestimation of ABL1
(Table 4). When we split Table 4 into two groups (ABL1
versus all of the other internal controls) and reassessed
the results, it is clear that groups using ABL1 cannot
report results accurately using the log reduction method.
These data have been recently verified by another group
comparing the effect of different internal controls on re-
ported real-time qRT-PCR levels in CML.27

According to the literature and published consensus
guidelines, log reduction is currently the preferred
method of presenting results.28 Hughes and col-
leagues10 proposed that a reduction in BCR-ABL1 tran-
script levels of at least 3 logs is used to define a major
molecular response. Calculation of log reduction is
based on the ratio of BCR-ABL1 transcripts/internal con-
trol transcripts in relation to the diagnostic sample ratio or
to the laboratory median ratio. For a laboratory to calcu-
late a median ratio, it should use the results from at least
30 diagnostic samples from CML patients in chronic
phase.10 These samples should not include samples
from patients in blast crisis or accelerated phase. A stan-
dard curve should be generated for each run unless the
��CT method is being used. Because standard curves
can be generated from cell lines, plasmid, cDNA, or RNA,
and because the internal control used may be different,
different values can be produced for the transcript ratio of
the same sample. If one converts these results to a log
reduction, then results should be similar from laboratory
to laboratory, given similar test sensitivity and specificity,
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regardless of the internal control used. The only excep-
tion may be with the use of ABL1 because of undercalling
of the ratio at diagnosis. Another concern is whether the
use of plasmid is appropriate for the generation of a
standard curve because this does not take into account
the analytical variability associated with RNA extraction
and efficiency of cDNA synthesis.29 Thus, if the plasmid
calibration standard and the cDNA template do not have
equal amplification efficiencies, there is an increased
potential for error.25

The use of the ��CT method (rather than a standard
curve) is based on the assumption that slopes are iden-
tical between BCR-ABL1 transcripts and internal control
transcripts, which means that the absolute value of the
difference in the slope between the target and the control
gene should be less than 10%.30 With different internal
controls, validation of this assumption is required. An
advantage of the ��CT method is that it uses only the Ct
value and does not include any plasmid- or RNA-based
standard curve, thus reducing the risk of contamination
and batch-to-batch variation. However, recent recom-
mendations do not support this approach for data
calculation.19

More recently, it has been recommended that report-
ing of results should be standardized even further by
using an international scale rather than log reduction.19

This international scale would call diagnostic levels as the
baseline at 100% and a 3-log reduction would be at
0.1%. For all laboratories to call the same ratio 100% or
0.1%, calibration of results must be undertaken and a
conversion factor derived for each laboratory. To deter-
mine the international scale conversion factor for each
laboratory, laboratories would test a series of quality con-
trol samples with values established in a reference labo-
ratory and generate a conversion factor specific to that
laboratory, its testing platforms, and analytic specificities.
In addition, measured BCR-ABL1 transcript levels would
be calibrated using standards produced commercially in
large batches to ensure their stability and reproducibili-
ty.19 Discussions regarding how to facilitate this ap-
proach are ongoing globally, in Europe, Asia, North
America, and Australia.

Real-time qRT-PCR is a sensitive and accurate method
that is currently used to quantitate BCR-ABL1 transcript
levels. Unfortunately inter- and intralaboratory variability
of quantitative analyses can occur. This can be mini-
mized through the use of quality control (QC) samples
within each run and by defining criteria for acceptance or
rejection of a run.25 An international group reporting on
this has suggested the use of �2 SDs from the mean
value of BCR-ABL1/control percent as a guide. A mean
and range of 2 SDs is calculated by repeated analysis,
and this range is used to accept or reject each real-time
qRT-PCR run.31,32 Currently, our data show that there is a
great deal of variability in results reported from different
laboratories. It is thus important that each laboratory op-
timize their protocol for MRD monitoring. This will enable
reliable and reproducible quantification of BCR-ABL1
transcripts regardless of specific analytic methodology.
Frequent proficiency testing and the use of commercial
standards (when available) will be critical in ensuring

reproducible and accurate results. Furthermore, result
reporting should be based on a calculation of log reduc-
tion from samples run in duplicate, using a laboratory
median, until the new international reporting scale is de-
veloped. If sensitivity, specificity, and reproducibility of
results are thus achieved, results should then be more
comparable among different laboratories.
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